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Abstract
Children with severe acute malnutrition (SAM) remain vulnerable after treatment at nutri-
tional rehabilitation units (NRUs). The objective was to assess the concurrent pathways in a
hypothesized model between caregiver body mass index (BMI), the home environment, and
child nutritional status, and development (gross motor, fine motor, language, and social
domains) in children with SAM following discharge from inpatient treatment. Structural equa-
tion modelling (SEM) was performed with data from a cluster-randomized controlled trial at
the Moyo Nutritional Rehabilitation and Research Unit in Blantyre, Malawi. This approach
was undertaken to explore simultaneous relationships between caregiver BMI, the home
environment (Home Observation for Measurement of the Environment Inventory scores),
child nutritional status (anthropometric indicators including weight-for-age z-scores [WAZ]),
and child development (Malawi Developmental Assessment Tool (MDAT) z-scores as a
latent variable) in children with SAM. These data were collected at participants’ homes six
months after discharge from NRU treatment. This analysis included 85 children aged 6–59
months with SAM and their caregivers recruited to the trial at the NRU and followed up suc-
cessfully six months after discharge. The model with WAZ as the nutritional indicator fit the
data according to model fit indices (χ2 = 28.92, p = 0.42). Caregiver BMI was predictive of
better home environment scores (β = 0.23, p = 0.03) and child WAZ (β = 0.30, p = 0.005).
The home environment scores were positively correlated with MDAT z-scores (β = 0.32, p =
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0.001). Child nutritional status based on WAZ was also correlated with MDAT z-scores (β =
0.37, p<0.001). This study demonstrates that caregiver BMI could ultimately relate to child
development in children with SAM, through its links to the home environment and child nutri-
tional status.
Introduction
In low- and middle-income countries, an estimated 250 million children are unlikely to
achieve optimal cognitive, motor, and socioemotional development [1]. Children are at high
risk of compromised development if they live in poverty, are exposed to an unstimulating envi-
ronment, and experience acute illness or malnutrition [2–4].
Children with complicated severe acute malnutrition (SAM) are often subjected to many of
these risk factors. When children have SAM in combination with an acute illness, loss of appe-
tite, or severe oedema, they require inpatient treatment at nutritional rehabilitation units
(NRUs) according to the Community Based Management of Acute Malnutrition guidelines
[5]. Aside from an increased risk of mortality within two years after discharge from inpatient
treatment, these children have poor nutritional outcomes including low height-for-age z-score
(HAZ), representative of stunting, and inhibited gross motor, fine motor, language, and social
development [6–9].
There is strong evidence supporting the association between HAZ and child development
[1, 2, 10–12]. A systematic review examining the effects of nutritional supplementation and
caregiving interventions have shown that improvements in HAZ are associated with better
developmental outcomes, while caregiving interventions lead to better developmental out-
comes but not higher HAZ [13]. The pathways between nutritional status and developmental
outcomes require further exploration particularly in children with SAM. There is a particular
need to understand how different anthropometric indicators like WHZ and weight-for-age z-
scores (WAZ) in children with SAM predict child development.
For children to reach their developmental potential, care practices that promote health,
nutrition, and early learning of children are essential. Therefore, caregivers are central in this
narrative [14–17]. Based on qualitative research conducted in Malawi, Gladstone et al (2018)
identified that caregiver well-being and care practices are important to achieve better child
health and development [18]. Another qualitative study done in Malawi examined perceptions
and experiences of caregivers of children admitted for inpatient treatment of SAM [19]. This
study revealed a number of themes reported by caregivers that relate to difficulties in caring
for their children at home, including caregiver well-being [19]. Yet specific caregiver factors
such as nutritional status, which could relate to well-being, has not been a strong focus of
research in caregivers of children with SAM. We hypothesized that maternal nutritional status
according to body mass index (BMI) could be associated with factors such as income and the
number of children in the household which could influence care practices.
Because there are many social and nutritional factors that influence developmental out-
comes in children with SAM, analytic techniques that consider simultaneous pathways are
advantageous. Structural equation modelling (SEM) is a type of analysis that confirms and
measures structural pathways between measured and latent variables. The objective of this
analysis was to evaluate concurrent pathways between caregiver body mass index (BMI), the
home environment, child nutritional status according to multiple different anthropometric
indicators, and development in children with SAM in the home setting following discharge
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from inpatient treatment. An additional objective was to understand which anthropometric
indicator is most predictive of child development in terms of gross motor, fine motor, lan-
guage, and social domains within this SEM. This will allow for a deeper understanding of
mechanistic pathways and potential areas to intervene with the goal of having the most influ-
ence on developmental outcomes in children with SAM.
Materials and methods
This analysis was conducted with data from a cluster-randomized controlled trial evaluating the
effectiveness of a hospital-based interactive counselling intervention, known as the Kusamala Pro-
gram, to improve gross motor, fine motor, language, and social development in children admitted
for inpatient treatment of SAM [20, 21]. The trial was conducted at the Moyo NRU at Queen Eliz-
abeth Central Hospital in Blantyre, Malawi. Ethical approval for this study was obtained from the
University of Malawi College of Medicine Research Ethics Committee (P.04/16/1930) and the
Hospital for Sick Children Research Ethics Board (1000053578). Written or verbal informed con-
sent was obtained from all subjects/patients. Verbal consent was witnessed and formally recorded.
The protocol for this trial was published and can be accessed for more details [20].
Trial inclusion criteria
1. Child 6–59 months of age with SAM, identified by bilateral pitting oedema, WHZ below -3
SD, and/or MUAC below 115 mm;
2. Child admitted to hospital because of SAM with medical complications or appetite-loss per
World Health Organization (WHO) guidelines [22];
3. Primary caregiver (self-identified) present at hospital.
Trial exclusion criteria
1. Primary caregiver declined to give informed consent;
2. Child with a known terminal illness;
3. Child requiring a surgical procedure.
An additional exclusion criterion was applied in that children with identified neurodisability
were omitted from the analysis per the original trial protocol because of the influence on devel-
opmental scores [20]. Furthermore, caregivers and children who were lost to follow-up were
not included in the main analysis, but their baseline characteristics were examined in compari-
son to caregivers and children with follow-up data.
Screening and informed consent procedures, including written or verbal consent in the
presence of a witness in the case that caregivers were unable to read or write, were completed
by trained research staff members. Children and their caregivers were recruited and enrolled
to the trial within three days of admission. Groups of one to six children and their caregivers
were randomized each week to an intervention arm in which caregivers participated in the
Kusamala Program or to a comparison arm with no intervention beyond the current practices
in the NRU including basic nutrition and WASH counselling at the time of discharge [20].
Data collection and variables for hypothesized pathway model
Data for the cluster-randomized controlled trial were collected at the time of enrollment, dis-
charge from hospital, and at follow-up six months after discharge at the homes of caregivers
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and children. Baseline data included household and caregiver characteristics as well as child
characteristics and anthropometric indices calculated per the 2006 WHO Child Growth Stan-
dards [23]. Caregiver and child weight and height were measured in duplicate, and if there
were discrepancies in these two measurements then a third measurement was taken.
An a priori hypothesized pathway model was developed with specific pathways leading to
child development with all data in the model from follow-up at six months after discharge (Fig
1). Specific variables in the model were pre-selected as they were hypothesized to relate to
developmental outcomes directly or indirectly in children with SAM. Caregiver BMI is the
exogenous variable in the model leading to the home environment and to child nutritional sta-
tus. This analysis evaluated four different anthropometric indicators of nutritional status in
different versions of the SEM. WHZ and MUAC are both indicators of wasting [23]. WAZ, an
indicator of underweight status, was also examined [23]. HAZ was computed to indicate linear
growth relative to the child’s age [23].
The Home Observation for Measurement of the Environment (HOME) Inventory, which
has been widely used in low- and middle-income settings, was adapted for relevance to this
particular study population and included 18 observations of care practices and seven interview
questions answered by caregivers [24, 25]. The HOME Inventory used included 25 items eval-
uating responsivity (11 items), language stimulation (2 items), acceptance (6 items), learning
materials (1 item), involvement (3 items), and variety (2 items) [24, 25].
The home environment and child nutritional status are both hypothesized to be directly
linked to child development as the main outcome. Child development is represented by a com-
bination of developmental domains as a latent variable including gross motor, fine motor, lan-
guage, and social development z-scores according to the Malawi Developmental Assessment
Tool (MDAT) [26]. The MDAT is a culturally validated measure of child development specifi-
cally for use in low-resource African settings and has been used in several recent studies [26–
Fig 1. Hypothesized pathways between caregiver BMI, the home environment, child nutritional status and development in children with SAM. Caregiver body
mass index (bmi); home environment according to the Home Observation for Measurement of the Environment Inventory; child nutritional status according to
weight-for-height z-scores (whz), weight-for-age z-scores (waz), height-for-age z-scores (haz), or mid-upper arm circumference (muac); and development according
to MDAT (Malawi Developmental Assessment Tool) z-scores.
https://doi.org/10.1371/journal.pone.0255967.g001
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29]. It included 36 items in each of four domains including gross motor, fine motor, language,
and social development. The MDAT has good reliability for all domains and is sensitive to
nutritional status as indicated by 28% of malnourished children passing the test using a pass/
fail technique compared to 94% of non-malnourished passing in a previous validation study
[26]. MDAT z-scores for each respective domain were calculated by comparing scores to a ref-
erence population in Malawi [26].
Statistical analysis
All data were entered into a Research Electronic Data Capture database and subsequently ana-
lyzed in Stata 16 (Statacorp LP, College Station, Texas, USA) [30, 31]. Descriptive statistics
were computed including means (SD) or median (interquartile range) for continuous variables
as appropriate, and proportions and percentages for categorical variables. The zscore06 macro
was used in Stata 16 to calculate anthropometric z-scores per the 2006 WHO Child Growth
Standards [23, 32]. MDAT z-scores were computed based on a reference population of Mala-
wian children [26, 33]. HAZ and MDAT z-scores were considered valid if they were within -6
and +6 SD, though for WHZ and WAZ they were considered between -6 SD and +5 SD [23].
Characteristics of children who died or were lost to follow-up were compared to surviving
children who were successfully followed up using one-sample t-tests for continuous variables and
Pearson’s χ2 test for categorical variables. P-values below 0.05 were considered statistically signifi-
cant for all analyses. Children who died during inpatient treatment or within six months after dis-
charge were excluded from the main analysis for this paper which examined follow-up data only.
Multiple linear regression was done to characterize and understand factors related to care-
giver BMI as the exogenous variable in the hypothesized pathway model. Predictor variables
included monthly household income, caregiver age, caregiver height, and number of children
in the household. Standardized beta-coefficients were examined for this analysis.
This analysis included all participants followed up in the first three years of the cluster-ran-
domized controlled trial, between November 2016 and November 2019, to reach a target sam-
ple size exceeding 70 children and caregivers with follow-up data for ten observations per
variable in the SEM [34–36]. Q–Q plots were examined for each variable in the SEM to check
that the residuals were normally distributed (S1 Fig).
SEM was then done to evaluate the hypothesized pathway model, which first involved con-
firmatory factor analysis (CFA) of MDAT as a latent variable. The full information maximum
likelihood method was used for the SEM to account for missing data. Covariates in the model
included child human immunodeficiency virus (HIV) status, sex, and age. Standardized beta-
coefficients were computed for all pathways and their direct and indirect effects were calcu-
lated. Furthermore, simple linear regression was done to assess the relationships between indi-
vidual variables in the SEM.
Model fit for the SEM was examined using the χ2 test statistic (χ2 p-value >0.05 acceptable,
indicating no statistically significant difference between the hypothesized and fitted model),
comparative fit index (CFI>0.90 represents good fit), Tucker-Lewis index (TLI >0.90 repre-
sents good fit), and root mean square error for approximation (RMSEA <0.05 represents
good fit,<0.08 acceptable fit) [37–39]. Bootstrap estimates and confidence intervals were also
evaluated by completing SEM on the estimation sample to understand the stability of the
model and to further verify that the sample size was adequate.
Reporting guidelines
The Strengthening the Reporting of Observational Studies in Epidemiology statement was fol-
lowed in the reporting of this manuscript [40].
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Results
After screening for eligibility, 170 children and their caregivers were enrolled in the first three
years of the cluster-randomized controlled trial (S2 Fig). Eight participants were excluded
because they were deemed ineligible for the trial after enrollment (3/170, 1.8%) or withdrew
from the study (5/170, 3.0%). Twenty-seven children (27/162, 16.7%) were excluded from the
analysis due to pre-existing neurodisability. Of the remaining children, there were 18 inpatient
deaths (18/135, 13.3%). In children that survived inpatient treatment, there were 17 losses to
follow-up (17/117, 14.5%) in addition to 15 outpatient deaths (15/100, 15.0%). This left 85 chil-
dren and their caregivers available for analysis. The mean follow-up time was 6.4 months after
discharge. A small proportion of data were missing for certain variables (S1 Table).
Baseline characteristics
Child, caregiver, and household characteristics at baseline are summarized in Table 1. Chil-
dren who died had lower WHZ compared to those who survived and were successfully fol-
lowed up (-4.0 ± 0.8 versus -3.4 ± 1.2, p = 0.046). The proportion of children who died that
had HIV tended to be higher compared to surviving children with follow-up data (38.7% ver-
sus 26.5%, p = 0.2). WAZ also appeared lower in children who died compared to those that
survived and were followed up (-4.6 ± 0.8 versus -3.9 ± 1.4, p = 0.10). Baseline characteristics
between participants successfully followed up and those lost to follow-up were similar. How-
ever, caregivers that were lost to follow-up had a lower average number of children in the
household compared to those that were followed up (2.2 ± 1.3 versus 3.0 ± 1.4, p = 0.03).
Caregiver body mass index
Multiple linear regression results showed no significant relationships for monthly household
income (β = 0.22, p = 0.064), caregiver age (β = -0.026, p = 0.83), caregiver height (β = -0.14,
p = 0.23), or the number of children in the household (β = 0.17, p = 0.16) as predictors of care-
giver BMI.
Latent variable of child development
Child development represented as a latent variable of MDAT z-scores showed acceptable
model fit based on the CFA (χ2 = 3.21, p = 0.20, CFI = 0.994, TLI = 0.983, RMSEA = 0.085).
All four MDAT domains had significant factor loadings in the measurement model (β = 0.80,
p<0.001 for gross motor, β = 0.87, p<0.001 for fine motor, β = 0.84, p<0.001 for language,
and β = 0.92, p<0.001 for social).
Structural equation modelling results
The model with WHZ as the nutritional indicator fit the data based on the various fit indices
(χ2 = 33.99, p = 0.20, CFI = 0.976, TLI = 0.962, RMSEA = 0.050) (Fig 2 and Table 2). All path-
ways in the model were significant except from caregiver BMI to child WHZ (β = 0.15,
p = 0.21). There was also an indirect pathway from caregiver BMI to MDAT z-scores (β = 0.12,
p = 0.046), mediated by the child WHZ and home environment variables. The results of the
SEM remained the same with bootstrapping, demonstrating the stability of the model.
SEM was then done to evaluate the hypothesized pathway model with WAZ as an indicator
of nutritional status in place of WHZ (Fig 3 and Table 3). This model also fit the data well (χ2
= 31.89, p = 0.28, CFI = 0.985, TLI = 0.975, RMSEA = 0.041). In this SEM, all pathways were
significant, including an indirect pathway between caregiver BMI and the MDAT latent
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variable (β = 0.19, p = 0.008). Results were similar upon completing bootstrapping indicating
model stability.
The third version of SEM was completed using HAZ as an indicator of nutritional status
(Fig 4 and Table 4). This version of the model also fit the data based on the model fit indices
(χ2 = 28.92, p = 0.42, CFI = 0.996, TLI = 0.994, RMSEA = 0.020). All pathways were significant,
including the indirect pathway from caregiver BMI to the MDAT latent variable (β = 0.15,
p = 0.014), and bootstrapping indicated that the model was stable.
Lastly, MUAC was evaluated as an indicator of nutritional status, yet this SEM differed
from the other three versions in that there was no direct relationship between child MUAC
and the MDAT latent variable (β = 0.14, p = 0.19) (S3 Fig and S2 Table). There was a small
indirect relationship between caregiver BMI and the MDAT latent variable (β = 0.10,
p = 0.043).
Table 1. Baseline characteristics of children admitted for inpatient treatment of SAM and their caregivers and households.
Children with follow-up data
(n = 85)
Children who died (n = 33) Children lost to follow-up
(n = 17)
Age (months), mean (SD) 19.5 (9.8) 19.8 (12.6) 22.8 (12.7)
Sex female (%) 41/85 (48.2) 17/33 (51.5) 8/17 (47.1)
HIV positive (%) 22/83 (26.5) 12/31 (38.7) 6/16 (37.5)
Previous inpatient admission (%) 12/84 (14.3) 5/30 (16.7) 2/16 (12.5)
Oedema (%) 28/85 (32.9) 10/32 (31.3) 9/16 (56.3)
MUAC (cm)a, mean (SD) 10.9 (1.1) 10.5 (1.0) 10.5 (0.9)
WHZa, mean (SD) -3.4 (1.2) -4.0 (0.8) -3.5 (1.3)
HAZ, mean (SD) -3.1 (1.3) -3.1 (1.8) -2.6 (2.2)
WAZa, mean (SD) -3.9 (1.4) -4.6 (0.8) -4.3 (0.8)
Caregivers with follow-up data
(n = 85)
Caregivers of children who died
(n = 33)
Caregivers lost to follow-up
(n = 17)
Relationship to child (%)
Mother 80/85 (94.1) 31/32 (96.9) 16/17 (94.1)
Other 5/85 (5.9) 1/32 (3.1) 1/17 (5.9)
Age (years), mean (SD) 28.0 (7.8) 25.8 (6.7) 24.7 (6.3)
MUAC (cm), mean (SD) 26.1 (3.5) 26.1 (2.6) 25.0 (2.3)
Body mass index (kg/m2), mean (SD) 22.3 (4.2) 22.3 (2.7) 21.5 (2.6)
Caregiver education (%)
Preschool 18/85 (21.2) 2/32 (6.3) 1/17 (5.9)
Primary 41/85 (48.2) 20/32 (62.5) 10/17 (58.8)
Secondary 26/85 (30.6) 9/32 (28.1) 6/17 (35.3)
Higher 0/85 (0) 1/32 (3.1) 0 (0)
Caregiver depressive symptoms (Self-Reporting
Questionnaire 20), median (IQR)
3.0 (7.0) 3.5 (7.5) 3.0 (8.5)
Monthly household income (Malawi kwacha), mean (SD) 20451 (24661) 16015 (11812) 24812 (35501)
Number of children in the household, mean (SD) 3.0 (1.4) 2.9 (1.5) 2.2 (1.3)
Household area (%)
Urban 50/85 (58.8) 22/32 (68.8) 14/17 (82.4)
Rural 35/85 (41.2) 10/32 (31.3) 3/17 (17.7)
HAZ, height-for-age z-score. HIV, human immunodeficiency virus. MUAC, mid-upper arm circumference. SAM, severe acute malnutrition. SD, standard deviation.
WAZ, weight-for-age z-score. WHZ, weight-for-height z-score.
aExcluding children with oedema.
https://doi.org/10.1371/journal.pone.0255967.t001
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Summary statistics of the variables in the SEM are included in S3 Table and simple linear
regression with individual pathways are shown in S4 Table.
Discussion
Using SEM, we have demonstrated that caregiver BMI, the home environment, and child
nutritional status are determinants of development in children with SAM in the home setting
in Malawi. There have been few studies evaluating child development in this population fol-
lowing discharge from NRU care, and this analysis therefore adds to the limited yet highly
important body of literature around interventions beyond the inpatient period [41]. Further-
more, this analysis is innovative in that multiple pathways were explored simultaneously to
identify those with the greatest influence on child development. The strongest individual path-
way, based on the magnitude of the standardized beta-coefficients, in the different versions of
Fig 2. Pathways between caregiver BMI, the home environment, child nutritional status according to WHZ and development in children with SAM. Caregiver
body mass index (bmi); home environment according to the Home Observation for Measurement of the Environment Inventory; child nutritional status according to
weight-for-height z-scores (whz); and development according to MDAT (Malawi Developmental Assessment Tool) z-scores. Estimates represent standardized beta-
coefficients. Analysis adjusted for child HIV status, sex, and age. �p<0.05, ��p<0.01, ���p<0.001.
https://doi.org/10.1371/journal.pone.0255967.g002
Table 2. Standardized beta-coefficients and bootstrap results for direct pathways between caregiver BMI, the home environment, child nutritional status according
to WHZ, and development in children with SAM.
Structural equation modelling results Bootstrap results
Pathways β P-values 95% confidence interval β P-values 95% confidence interval
home environment
caregiver bmi 0.23 0.03 0.027, 0.44 0.23 0.03 0.018, 0.46
child whz
caregiver bmi 0.15 0.21 -0.086, 0.38 0.15 0.20 -0.078, 0.37
MDAT
home environment 0.33 0.001 0.14, 0.52 0.33 0.001 0.14, 0.51
child whz 0.32 0.001 0.13, 0.51 0.32 0.003 0.11, 0.53
β, beta-coefficient (standardized). bmi, body mass index. MDAT, Malawi Developmental Assessment Tool. whz, weight-for-height z-score.
Analysis adjusted for child HIV status, sex, and age.
https://doi.org/10.1371/journal.pone.0255967.t002
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the SEM was from child WAZ to the MDAT latent variable. However, all pathways between
maternal BMI and child development were shown to be important according to the SEM
results, including the indirect effect of maternal BMI on the MDAT latent variable.
These data therefore support the idea that interventions around caregiver nutritional status
could be a strategy that not only addresses their own health, but also improves their ability to
provide nurturing care to children with SAM. As mentioned previously, qualitative research in
Malawi found that caregivers of children with SAM experience barriers to child care relating
to their own well-being [19]. However, the multiple linear regression results evaluating house-
hold income, caregiver age and height, and number of children in the household did not give
insight into predictors of maternal BMI. More exploration should be done to understand
causes of variability and potential areas of intervention around maternal nutritional status in
this population.
Fig 3. Pathways between caregiver BMI, the home environment, child nutritional status according to WAZ, and development in children with SAM. Caregiver
body mass index (bmi); home environment according to the Home Observation for Measurement of the Environment Inventory; child nutritional status according to
weight-for-age z-scores (waz); and development according to MDAT (Malawi Developmental Assessment Tool) z-scores. Estimates represent standardized beta-
coefficients. Analysis adjusted for child HIV status, sex, and age. �p<0.05, ��p<0.01, ���p<0.001.
https://doi.org/10.1371/journal.pone.0255967.g003
Table 3. Standardized beta-coefficients and bootstrap results for direct pathways between caregiver BMI, the home environment, child nutritional status according
to WAZ, and development in children with SAM.
Structural equation modelling results Bootstrap results
Pathways β P-values 95% confidence interval β P-values 95% confidence interval
home environment
caregiver bmi 0.23 0.03 0.029, 0.44 0.23 0.008 0.061, 0.46
child waz
caregiver bmi 0.30 0.005 0.089, 0.52 0.30 0.005 0.094, 0.51
MDAT
home environment 0.32 0.001 0.13, 0.51 0.32 0.002 0.12, 0.52
child waz 0.37 <0.001 0.18, 0.55 0.37 0.001 0.16, 0.58
β, beta-coefficient (standardized). bmi, body mass index. MDAT, Malawi Developmental Assessment Tool. waz, weight-for-age z-score.
Analysis adjusted for child HIV status, sex, and age.
https://doi.org/10.1371/journal.pone.0255967.t003
PLOS ONE Pathways to nutrition and development in SAM
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In this SEM, there was a direct association between the home environment and the MDAT
latent variable. Previous research has also supported similar relationships between HOME
Inventory scores and child development and nutritional status. For example, a caregiving and
feeding intervention in Bangladesh improved child WHZ and language development, and
caregivers who participated in this intervention had better HOME Inventory scores [42]. Simi-
larly, a cluster-randomized controlled trial also done in Bangladesh evaluating a psychosocial
stimulation and nutritional supplementation intervention specifically in children with SAM
found that HOME Inventory scores were associated with Bayley Scales of Infant and Toddler
Development cognitive scores [43]. However, our current study is the first to date that directly
evaluated the HOME Inventory in relation to the MDAT, a context-appropriate indicator of
child development, and examined this pathway in relation to other concurrent predictors of
development [26].
Fig 4. Pathways between caregiver BMI, the home environment, child nutritional status according to HAZ, and development in children with SAM. Caregiver
body mass index (bmi); home environment according to the Home Observation for Measurement of the Environment Inventory; child nutritional status according to
height-for-age z-scores (haz); and development according to MDAT (Malawi Developmental Assessment Tool) z-scores. Estimates represent standardized beta-
coefficients. Analysis adjusted for child HIV status, sex, and age. �p<0.05, ��p<0.01, ���p<0.001.
https://doi.org/10.1371/journal.pone.0255967.g004
Table 4. Standardized beta-coefficients and bootstrap results for direct pathways between caregiver BMI, the home environment, child nutritional status according
to HAZ, and development in children with SAM.
Structural equation modelling results Bootstrap results
Pathways β P-values 95% confidence interval β P-values 95% confidence interval
home environment 0.23 0.03 0.029, 0.44 0.23 0.01 0.050, 0.41
caregiver bmi
child haz 0.23 0.03 0.024, 0.44 0.23 0.008 0.060, 0.41
caregiver bmi
MDAT
home environment child haz 0.32 0.001 0.14, 0.51 0.32 0.002 0.12, 0.53
0.34 <0.001 0.16, 0.53 0.34 0.02 0.047, 0.64
β, beta-coefficient (standardized). bmi, body mass index. haz, height-for-age z-score. MDAT, Malawi Developmental Assessment Tool.
Analysis adjusted for child HIV status, sex, and age.
https://doi.org/10.1371/journal.pone.0255967.t004
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Caregiver BMI was also predictive of child WAZ, HAZ, and MUAC, but not child WHZ.
Of the different versions of the SEM, WAZ was the strongest anthropometric indicator pre-
dicting MDAT z- scores. Previous epidemiological data indicate that children who have both
low WHZ and HAZ are at high risk of death [44, 45]. Further clinical studies in infants with
SAM have also shown that low WAZ is predictive of inpatient and post-discharge mortality
while WHZ is not a strong predictor [46, 47]. However, WAZ has not been widely evaluated in
relation to other outcomes in children with SAM such as child development. The findings
from this SEM indicate that WAZ should be considered when evaluating the consequences of
nutritional deprivation on outcomes like child development and for establishing potential
interventions that focus both on short- and long-term nutritional status.
We also considered exploring caregiver depressive symptoms based on the Self-Reporting
Questionnaire 20 (SRQ-20), which has been translated and validated for use in Malawi [48].
However, we found that caregivers did not typically have high SRQ-20 scores, which reflect
the number of depressive symptoms reported, which aligns with another study done with care-
givers of children admitted to the same NRU [49]. Furthermore, past research indicated that
caregiver depressive symptoms did not predict child weight gain four weeks after discharge
from the NRU [50].
One of the limitations of this particular analysis is that it included children who survived
inpatient treatment for SAM and lived until follow-up six months later, and the strength of the
various pathways may differ for children with SAM who die during or after discharge from
NRUs. The baseline differences between children who died and survived were explored and
those who died were most likely to have low WHZ. Another limitation is that the sample size
was relatively small. However, relationships in the SEM were significant with reasonably large
beta-coefficients, model fit was good, and stability was established with bootstrapping, suggest-
ing that the sample size was adequate to examine the hypothesized pathway model [34–36].
Conclusions
This analysis showed the pathways and their relative importance between caregiver BMI, the
home environment, and nutritional status in predicting MDAT z-scores of gross motor, fine
motor, language, and social domains in children with SAM. Child WAZ was the strongest of
the anthropometric indices in predicting MDAT z-scores. Interventions aimed at improving
developmental trajectories of these children following discharge from inpatient treatment at
NRUs should also consider addressing caregiver nutritional status. Future research should be
done to evaluate the effects of social and nutritional interventions on these pathways leading to




S1 Fig. Q–Q plots for variables in the structural equation model.
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S2 Fig. Study flow chart for structural equation model analysis.
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S3 Fig. Pathways between caregiver BMI, the home environment, child nutritional status
according to MUAC, and development in children with SAM. Caregiver body mass index
(bmi); home environment according to the Home Observation for Measurement of the Envi-
ronment Inventory; dietary diversity according to a 24-hour dietary recall; child nutritional
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status according to mid-upper arm circumference (muac); and development according to
MDAT (Malawi Developmental Assessment Tool) z-scores. Estimates represent standardized
beta-coefficients. Analysis adjusted for child HIV status, sex, and age. �p<0.05, ��p<0.01.
(PDF)
S1 Table. Missing data from participants in the structural equation model. bmi, body mass
index. haz, height-for-age z-score. home, Home Observation for Measurement of the Environ-
ment. MDAT, Malawi Developmental Assessment Tool. muac, mid-upper arm circumference.
waz, weight-for-age z-score. whz, weight-for-height z-score.
(PDF)
S2 Table. Standardized beta-coefficients and bootstrap results for direct pathways between
caregiver BMI, the home environment, child nutritional status according to MUAC, and
development in children with SAM. β, beta-coefficient (standardized). bmi, body mass index.
MDAT, Malawi Developmental Assessment Tool. muac, mid-upper arm circumference. Anal-
ysis adjusted for child HIV status, sex, and age.
(PDF)
S3 Table. Summary statistics of the variables in the hypothesized pathway model. bmi,
body mass index. haz, height-for-age z-score. home, Home Observation for Measurement of
the Environment. MDAT, Malawi Developmental Assessment Tool. muac, mid-upper arm
circumference. waz, weight-for-age z-score. whz, weight-for-height z-score.
(PDF)
S4 Table. Linear regression results for individual pathways in the hypothesized pathway
model. β, beta-coefficient (standardized). haz, height-for-age z-score. mdat, Malawi Develop-
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